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TRANSONIC CHARACTERISTICS OF A 

HYDROGEN-FITELED MULTISTAGE HORIZONTAL-TAKE-OFF 

REUSABLE LAUNCH VEHICLE* 

By Larry R.  Clark and P. Kenneth Pierpont 
Langley Research Center 

SUMMARY 

A wind-tunnel investigation was made a t  subsonic and transonic speeds of 
an approximate 1/75-scale model of a multistage horizontal-take-off reusable 
launch vehicle. 
reusable second stage, and a third-stage winged reusable spacecraft with an 
expendable maneuvering propulsion package. 
i n  tandem, and t h i s  combination was placed para l le l  t o  the f i r s t - s tage  reusable 
booster. The model w a s  tes ted a t  Mach numbers from 0.6 t o  1.2, angles of attack 
up t o  about 3 2 O ,  and generally a t  s idesl ip  angles of 00 and 5 O .  
Reynolds numbers per foot varied from approximately 3.3 x 106 t o  4.2 X 106. 

The model consisted of a winged reusable f i r s t  stage, a winged 

The two upper stages were arranged 

The test 

The f i r s t - s tage  reusable booster and i t s  several modifications were a l l  
longitudinally s table  a t  zero lift fo r  the selected moment reference center. 
The complete first stage was directionally stable and had posit ive effect ive 
dihedral over the  en t i re  Mach number range and most of the angle-of-attack range 
of these t e s t s .  The canard was very destabil izing longitudinally, but increased 
effective dihedral and direct ional  s t a b i l i t y  significantly a t  high angles of 
attack. The m a x i m u m  l i f t -drag  r a t io s  fo r  the  complete first stage varied 
between about 3.8 and 4.7 over the t e s t  Mach number range. 

The addition of the complete upper stages t o  the complete f i r s t  stage 
caused destabi l iz ing increments both longitudinally and directionally,  and 
caused some reductions i n  posit ive effect ive dihedral. 
launch vehicle and i t s  several variations were longitudinally s table  a t  zero 
l i f t  and had posi t ive effective dihedral, but were generally directionally 
unstable f o r  the  selected moment reference center. 

I n  general, the complete 

INTRODUCTION 

A program of investigation i s  being conducted a t  the  Langley Research 
Center t o  study some of the aerodynamic problems associated with horizontal- 
take-off and vertical-take-off reusable orb i ta l  launch vehicles. Data a re  
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available f o r  several  configurations i n  references 1 t o  5 .  The present t e s t s  
are a continuation of the study of the horizontal-take-off reusable launch vehi- 
c l e  concept and provide data for  a hydrogen-fueled design i n  the subsonic and 
transonic speed ranges. 

The launch vehicle consisted of a winged reusable f i rs t  stage, a winged 
reusable second stage, and a third-stage winged reusable spacecraft with an 
expendable space-maneuvering propulsion package. The two upper stages were 
arranged i n  tandem, and t h i s  combination w a s  placed pa ra l l e l  t o  the  f i r s t - s tage  
reusable booster. The f i r s t - s tage  reusable booster consisted of a large volume 
fuselage with a delta wing and canard and v e r t i c a l  f i n s  mounted outboard on the  
wing. 
with a trapezoidal wing and outboard-mounted ve r t i ca l  f i n s .  The spacecraft 
employed a clipped de l ta  wing with toed-in tip-mounted v e r t i c a l  f i n s  and a 
cylindrical ,  expendable, space-maneuvering propulsion package. 

The second-stage reusable booster consisted of a cyl indrical  fuselage 

A l l  s tages of t he  vehicle were conceived t o  employ rocket engines using 
l i qu id  oxygen and hydrogen propellants during boost. 
booster was considered t o  u t i l i z e  turbojet  engines for  i t s  return f l i g h t ,  
whereas the  second-stage reusable booster was conceived t o  be a gl ide return 
vehicle. 
i n t o  earth orb i t .  Stage separation w a s  estimated t o  occur a t  a speed of 
6500 f p s  a t  about 230,000 f ee t  a l t i t ude ,  and the  take-off wipg loading w a s  
assumed t o  be 120 lb/sq f t ,  based on t o t a l  wing area.  

The f i r s t - s t age  reusable 

The launch vehicle was designed t o  place a maximum of 20,000 pounds 

Tests were conducted on a 1/75-scale model i n  the Langley 8-foot transonic 
pressure tunnel a t  Mach numbers from 0.6 t o  1.2, angles of a t tack  up t o  about 
320, and generally a t  angles of s ides l ip  of 00 and 5 O .  
foot varied from approximately 3.3 x 106 t o  4.2 x 106. 

The Reynolds numbers per 

SYMBOLS 

Longitudinal force and moment coeff ic ients  were referred t o  the  s t a b i l i t y  
axes and the  l a t e r a l  and direct ional  force and moment coeff ic ients  were referred 
t o  t h e  body axes. The moment reference center was located a t  15 percent of the  
mean aerodynamic chord of the f i r s t - s t age  wing, i n  the  upper surface of the  
wing, and was 12.47 inches forward of the  model base. 
c ien ts  are based on the  geometry of the  wing of the f i r s t - s t age  reusable booster. 

A l l  aerodynamic coeffi-  

L i f t  l i f t  coeff ic ient ,  - 
qs 

CL 

l i f t  coeff ic ient  a t  m a x i m u m  l i f t -d rag  r a t i o  cL, (L/D),, 

CD 

2 

Drag drag coeff ic ient ,  - 
@ 
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Cm Pitching moment pitching-moment coefficient, 
qSE 

rolling-moment coefficient , Rolling moment 
qSb 

C1 

Yawing moment yawi ng-moment c oe f f i c i ent , 
clSb 

Cn 

Side force side-force coefficient, 
ss CY 

&L lift-curve slope (at zero lift), -, per deg 
& 

longitudinal-stability parameter (at zero lift), - &m 

&L c v L  

a m  -, per deg 
At3 

control effectiveness of canard, 

drag-due-to-lift factor 

4 
& 

effective-dihedral parameter, -, per deg 

N n  
4 3  

directional-stability parameter, -, per deg 

M Y  
4 3  

side-force parameter, -, per deg cys 

CL 
CD 

lift-drag ratio, - 

b reference wing span, 1.333 ft 

local chord, ft C 

- 
C reference mean aerodynamic chord, based on total wing area, 

1.222 ft 

M free-stream Mach number 

--- 
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Subscripts : 

0 conditions a t  zero l i f t  

m&X maximum 

Component des i gnat i on6 : 

free-stream dynamic pressure, lb/sq f t  

Reynolds number per foot 

reference wing area, 1.222 sq f t  

angle of attack, deg 

angle of s idesl ip ,  deg 

angle of canard deflection (posi t ive fo r  leading edge up), deg 

B fuselage, f i r s t -  or second-stage 

fuselage, second-stage with an afterbody f a i r ing  

wing, first- o r  second-stage 

canard, 6 = 0’ 

canard, 6 = - 5 O  

nacelles, f i r s t - s tage  

ve r t i ca l  f i n s ,  f irst-  or second-stage 

maneuver propulsion package 

spacecraft with mounting pad 

DESCRIF’TION OF MODEL 

The complete launch vehicle and i t s  components a re  shown i n  figure 1. The 
launch vehicle consisted of a winged reusable f irst  stage, a winged reusable 
second stage, and a third-stage winged reusable spacecraft with an expendable 
space-maneuvering propulsion package. The two upper stages were arranged i n  
tandem, and t h i s  combination was placed p a r a l l e l  t o  the f i r s t - s tage  reusable 
booster. 
of the model are  shown i n  figure 2. 

Principal model dimensions a re  presented i n  table I and photographs 

4 
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First-Stage Reusable Booster 

The f i r s t - s tage  reusable booster consisted of a semicylindrical fuselage 
with an ogival forebody, a del ta  canard, and a del ta  wing with outboard trape- 
zoidal ve r t i ca l  f i n s  mounted on nacelles ( f ig .  l ( b ) ) .  
t ion  of the fuselage was 5 diameters long and the ogive nose ( o r  forebody) was 
41 diameters long. 

sweep and a wedge-slab symmetrical a i r f o i l  with 0 . 0 5 ~  maximum thickness 
( f ig .  l ( d ) ) .  The canard had a constant leading-edge radius of about 0.04 inch. 
The exposed area of the canard w a s  about 7 percent of the t o t a l  f i r s t - s tage  
wing area, and the  distance between O.25E of  the canard and O.25c’ of the f i r s t -  
stage wing was 1.4E of the wing. Provision was made f o r  t e s t ing  the canard a t  
00 and -50. The wing had TO0 of leading-edge sweep and w a s  a symmetrical wedge 
t o  the 40-percent-chord s ta t ion with a constant 0 . 0 5 0 ~  maximum thickness rear- 
ward t o  the 0 . 8 5 ~  stat ion.  
extended from 0 . 8 5 ~  t o  the wing t r a i l i n g  edge. 
stage wing had a constant leading-edge radius of 0.04 inch, which was the same 
as f o r  most aerodynamic surfaces of the vehicle, and the wing was f l a t  on the 
upper surface rearward of the 40-percent s ta t ion t o  allow mating with the 
second-stage wing. 
dihedral angle of about go 
and simple wedge a i r f o i l s  with the maximum thickness of 0 . 0 5 ~  a t  the base. 
f i n s  were located outboard a t  two-thirds of the wing semispan, and the t o t a l  
f i n  area, which was equally dis t r ibuted above and below the wing, was approxi- 
mately 15 percent of the t o t a l  wing area. 
of 1.15 and a taper  r a t i o  of 0.5.  
bolic nose and were considered t o  house the flyback engines. 
formed the juncture between the f i r s t - s tage  wing and ve r t i ca l  f ins .  

The semicylindrical por- 

The canard had a del ta  planform with 700 of leading-edge 
2 

A wedge or boa t ta i l  on the lower surface of the wing 
(See f i g .  l ( c ) ) .  The f i r s t -  

The requirement fo r  a f l a t  upper surface resulted i n  a wing 
The ve r t i ca l  f ins  had 60° of leading-edge sweep 

2 -  
The 

The ve r t i ca l  f i n s  h’ad an aspect r a t i o  
The nacelles were cyl indrical  with a para- 

The nacelles 

Second-Stage Reusable Booster 

The second-stage reusable booster consisted of a cyl indrical  fuselage 
7L diameters long (including a conceived nose design 1 diameter i n  length) and 

a trapezoidal wing with two outboard-mounted ver t ica l  f i n s  located a t  two-thirds 
of the semispan of the wing. The fuselage incorporated a side f a i r ing  which 
extended ve r t i ca l ly  from the center l i n e  of the second-stage fuselage t o  the 
upper surface of the f i r s t - s tage  fuselage. 
sweep and a 0 . 0 2 8 ~  maximum thickness. 
a t o t a l  p ro f i l e  thickness of 0 . 0 6 3 ~  (based on the chord of the f i r s t - s tage  wing) 
when the first- and second-stage wings were mated. 
second-stage wing was an extension of the upper wedge surface of the f i r s t - s tage  
wing; t h a t  i s ,  t h e  two upper wedge surfaces were coplanar. 
leading edge of t h i s  extension w a s  removed t o  form a constant leading-edge 
radius on the  second-stage wing ident ica l  t o  that of the f i r s t - s tage  wing. 
purpose of t h i s  arrangement was t o  reduce the interference of the mated wings 
during launch. 
f i r s t - s t age  v e r t i c a l  f ins ,  but only the upper element was employed. 

2 

The wing had 5 8 . ~ 5 ~  of leading-edge 
The wing thickness was chosen t o  achieve 

The upper surface of the 

A portion of the 

The 

The second-stage ve r t i ca l  f i n s  were almost ident ica l  t o  the - 5 
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Orbital  Stage 

The spacecraft was a wing-body configuration with toed-in, wing-tip-mounted, 
ver t ica l  f i n s  ( f i g .  l ( d ) ) .  
ber adjacent t o  the fuselage and the span (including ve r t i ca l  f i n s )  was approxi- 
mately equal t o  the width of the f i r s t - s tage  fuselage. 
leading-edge sweep and 0 . 0 5 ~  maximum thickness. The wing had a constant leading- 
edge radius of 0.04 inch. 
leading-edge sweep and 0 . 0 5 ~  maximum thickness. The leading-edge radius of the 
f in s  i s  0.04 inch - the same as  tha t  fo r  the wing. 

The spacecraft wing was unsymmetrical with the cam- 

The wing had 72.3' of 

The ve r t i ca l  f i n s  were trapezoidal with 55' of 

The maneuver propulsion package was an expendable rocket booster which was 
3 diameters long, including the spacecraft adapter fa i r ing.  
cylinder with the same diameter a s  the second-stage fuselage and a l so  incorpo- 
rated the same type of side fa i r ing  a s  the second-stage fuselage. 
model was tes ted  without the maneuver propulsion package, the spacecraft was 
moved rearward t o  connect d i rec t ly  with the second-stage fuselage. 

It was a short  

When the 

APPARATUS AND TESTS 

The several model configurations were s t i ng  mounted i n  the wind tunnel on 
a six-component strain-gage balance. Boundary-layer t rans i t ion  was fixed on 
the model with a 0.1-inch-wide s t r i p  of N o .  80 carborundum (0.008-inch-diameter 
grains) located ah the  ?-percent s t a t ion  on a l l  surfaces. The angles of a t tack 
and s idesl ip  were corrected for  balance and s t ing  deflections under load. The 
balance chamber pressure and the f i r s t - s tage  fuselage base pressure were meas- 
ured for use i n  base-drag correction. 
c l e  was corrected t o  correspond t o  a base pressure equal t o  the free-stream 
stat ic  pressure on the f i r s t - s tage  reusable booster fuselage and tha t  portion 
of the f i r s t - s tage  wing base intercepted by the f'uselage. No pressure correc- 
t ions were applied t o  the base area of the second-stage booster. 

Except where noted, the drag of the vehi- 

The t e s t s  were conducted i n  the  Langley 8-foot transonic pressure tunnel 
a t  Mach numbers from 0.6 t o  1.2, angles of a t tack up t o  about 32O, and generally 
a t  angles of s idesl ip  of 00 and 5 O .  
figure 3 t o  vary from approximately 3 . 3  x 106 t o  4.2 x 106. 

The Reynolds numbers per foot a r e  shown i n  

PFU3SEXCATION OF RESULTS 

The basic longitudinal aerodynamic character is t ics  ( f ig s .  4 t o  8) have bee] 
summarized for comparison i n  f igures  9 t o  12. In  addition, the basic l a t e r a l  
aerodynamic character is t ics  ( f ig s .  13 t o  15) have been presented fo r  analysis 
i n  figures 16, 17, and 18. 
were ident i f ied with l e t t e r  symbols for  purposes of c la r i f ica t ion .  
l i s t  for component ident i f icat ion.)  

I n  the following figures,  the several  configuration: 
(See symbol 

6 
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Figure 

Longitudinal aerodynami characteristics at p = 00 for: 
First-stage fuselage . . . . . . . . . . . . . . . . . . . . . . . . .  
nacelles, and vertical fins . . . . . . . . . . . . . . . . . . . .  First-stage reusable booster with the effects of the canard, 

First-stage reusable booster with the canard at 00 and -5O 

Launch vehicle with the effects of the first- and second-stage 

Launch vehicle with the effects of a second-stage afterbody 

deflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
vertical fins and the second-stage wing . . . . . . . . . . . . . .  

of -50  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fairing, the maneuver propulsion package, and a canard deflection 

The variation with Mach number at p = Oo of: 
Lift-curve slopes for several first-stage and launch 
configurations . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Longitudinal-stability parameters for several first-stage and launch 
configurations and the canard effectiveness for a first-stage and 
a launch configuration . . . . . . . . . . . . . . . . . . . . . . .  

Drag-at-zero-lift and drag-due-to-lift parameters for several first- 

Maxim lift-drag ratio and the lift coefficient at which the maximum 
stage and launch configurations . . . . . . . . . . . . . . . . . .  
lift-drag ratio occurs for several first-stage and launch 
configurations . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lateral aerodynamic characteristics for: 
Several first-stage configurations at p = 00 and 5 O  . . . . . . . . .  
First-stage reusable booster at a = 100 fo r  a p-range . . . . . . . .  
Several launch configurations at p = Oo and 5 O  . . . . . . . . . . . .  

The variation with angle of attack of the lateral- and directional- 
stability parameters for the complete first stage and the complete 
launch vehicle . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The variation with Mach number at a = Oo, 6 O ,  and 12O of: 
Lateral-stability parameters for several first-stage and launch 

Directional-stability parameters for several first-stage and launch 

Side-force parameters for several first-stage and launch 

configurations . . . . . . . . . . . . . . . . . . . . . . . . . . .  
configurations . . . . . . . . . . . . . . . . . . . . . . . . . . .  
configurations . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
14 
15 

16 

17 

18 

19 

DISCUSSION OF RESULTS 

The discussion w i l l  indicate some of the effects of the various components 
and stages on the aerodynamic characteristics of the first-stage reusable 
booster and the basic take-off launch vehicle. 
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Li f t  Characterist ics 

First-stage reusable booster.- The f i r s t - s tage  reusable booster and i t s  
several variations, except the f i r s t - s tage  fuselage alone, had considerable 
negative l i f t  a t  zero angle of a t tack for  a l l  t e s t  Mach numbers. (See f igs .  4, 
5 (a) ,  and 6(a).) 
sidered t o  have been caused primarily by a negative camber effect  of a boa t t a i l  
on the  lower surface of the wing which extended rearward from the 0 . 8 5 ~  s ta t ion  
t o  the wing t r a i l i n g  edge. Further discussion of t h i s  camber effect  i s  pre- 
sented in  the section on longitudinal s t ab i l i t y .  The boa t t a i l  was incorporated 
i n  the wing design t o  reduce the wing base drag while provi.ding a f l a t  upper 
surface for  a f lush mating with the second-stage wing. 

The negative l i f t  a t  zero angle of a t tack observed i s  con- 

Figure 6(a)  shows tha t  CL,- was not obtained for  the complete f i r s t  
stage a t  any of the  t e s t  Mach numbers although the t e s t s  included angles up t o  
about 32O. The usual decrease i n  CIo: occurred as angles of a t tack increased 

beyond about 15O. 

Figure 9 shows the expected C h  increases with Mach number f o r  the com- 

C h  with Mach p le t e  f i r s t  stage t o  be about 10 percent and the variations i n  
number were similar fo r  a l l  configurations. The magnitudes of C h  for  the 
first stage without the canard over the Mach number range were approximately the 
same as  those values fo r  the  reusable booster of reference 1, but as much as  
40 percent lower than the  values f o r  the  reusable booster i n  reference 2. 

When proper account i s  taken of the differences i n  the r a t i o  of exposed area t o  
the t o t a l  wing area of the three vehicles, the values shown fo r  the pres- 

ent f i r s t  stage a re  compatible with those fo r  the reference vehicles. 

CLa 

CLa 

The values of C h  fo r  the complete f i r s t  stage were reduced a s  much as  

9 percent as a result of removing the f i r s t - s tage  f i n s  and nacelles.  
probably caused by the end-plate e f fec t  of the ve r t i ca l  f i n s  which would be 
expected t o  reduce the outboard component of l oca l  flow, thereby effect ively 
increasing the wing loading. The canard had a negligible e f fec t  on C b ,  even 

though the exposed area of the  canard was approximately 7 percent of the t o t a l  
f i r s t - s tage  wing area. The negligible e f fec t  of the  canard on C h  apparently 

resulted from a reduction i n  l i f t  on the  f i r s t - s tage  wing caused primarily by 
downwash from the  canard on the  inboard portion of t he  wing near the fuselage 
which nul l i f ied any increased lift generated on the  canard. 
canard delta-wing configuration i n  reference 6 showed a similar behavior. 

This was 

A trapezoidal- 

Launch vehicle.- I n  general, the complete upper stages were responsible for  
small increases i n  l i f t  a t  zero angle of a t tack  a t  a l l  of the t e s t  Mach numbers 
( f igs .  5(a) ,  7(a),  and 8 ( a ) ) .  
resulted from the  effect ive change i n  the  f i r s t - s tage  wing p ro f i l e  caused by 
mating the f i r s t -  and second-stage wings. Replacing the cyl indrical  second- 
stage afterbody with the curved b o a t t a i l  f a i r ing  ( f i g .  1) produced sizable 
increases i n  lift a t  zero angle of a t tack.  This suggests t ha t  appreciable 

These increases i n  l i f t  a t  zero angle of a t tack  
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negative loca l  s t a t i c  pressures occurred near the shoulder of the f a i r ing  and 
on the loca l  wing surface nearby. 
expected acceleration of the  flow around the  shoulder of the fa i r ing  which would 
then be followed by a recompression toward the  rear  end of the fai r ing.  

The negative pressures were caused by the 

The addition of the complete upper stages t o  the f i r s t  stage caused some 
small reductions i n  C h  a t  a l l  t e s t  Mach numbers. These decreases a re  a t t r i b -  

uted t o  the  blockage of the upper stages which reduced the carryover l i f t  from 
the f i rs t -s tage wing on the f i r s t - s tage  fuselage. 
Fmportant, however, since the launch vehicle i s  t o  be rocket powered. Figure 9 
shows tha t  there were only small variations in  

i n  the complete launch vehicle. 

These losses are not too 

C h  as a r e su l t  of changes made 

Longitudinal-Stability Characteristics 

First-stage reusable booster.- Figure 5(b) shows tha t  the complete first 
stage and i t s  several modifications exhibited large posit ive Cm,o values a t  
a l l  t e s t  Mach numbers. Comparison of the canard-on and canard-off data indi-  
cates t ha t  the canard was not i n  i t s e l f  responsible f o r  the large posit ive 
values observed. 
l i t t l e  pitching moment a t  zero l i f t .  
wing near i t s  t r a i l i n g  edge was primarily responsible f o r  the  large posit ive 
C,,o values observed. A t  M = 0.9, t he  center of pressure a t  a = Oo was cal- 

Cm,o 
Also, figure 4 indicates that  the body alone contributed very 

The boa t ta i l  on the lower surface of the 

culated f o r  
mately 1.15 
pressure a t  
b l e  f o r  the 
vehicles. 

Figure 

the wing-fuselage configuration and was found t o  a c t  a t  approxi- 
inches forward of the  wing base. T h i s  would place the center of 
the b o a t t a i l  and indicates t h a t  the boa t t a i l  was probably responsi- 
negative l i f t  and the posit ive Cm,o values fo r  the f i r s t - s tage  

10 shows that the complete f i r s t  stage and i t s  several variations 
a l l  had-some longitudinal s t a b i l i t y  a t  f o r  the chosen moment reference 
center of O.lgC'. 
nonlinear with some i n s t a b i l i t y  f o r  a l l  the  configurations over some portion of 
the lift range. The canard made a very large destabil izing contribution t o  
longitudinal s t a b i l i t y ,  but the f i r s t - s tage  f in s  and nacelles were s l i gh t ly  
s tab i l iz ing  which would follow logical ly  from t h e i r  end-plate effect .  

CL = 0 
However, figure 5(b) shows the pitching-moment curves t o  be 

The control effectiveness of the canard is  shown i n  figure 10 fo r  the com- 
p l e t e  f irst  stage. Values of Cmg increased with l i f t  coefficient t o  give 

values of Cms a t  CL = 0.4 about double the values a t  CL = 0. The high 

pos i t ive  Cm,o values fo r  the first stage necessitated the negative deflection 
of the  canard i n  an attempt t o  t r i m  the vehicle. 
t he  canard w i l l  be needed t o  provide control during reentry of the f i r s t  stage, 

Since it i s  considered t h a t  

higher values and be t te r  t r i m  control might be obtained by 
trailing-edge f laps  for  control a t  subsonic and transonic speeds 
a free-f loat ing canard a t  subsonic speeds, but a r ig id  canard t o  
necessary control a t  supersonic speeds. 

L/D incorporating 
and employing 
provide the 

UN-IED 
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The addition of the complete upper stages t o  the complete f i r s t  stage had 
l i t t l e  effect  on the longitudinal s t a b i l i t y  of the f i r s t  stage a t  any of the 
t e s t  Mach numbers ( f ig .  10). The complete launch vehicle and a l l  the config- 

Drag and L/D Characterist ics 

First-stage reusable booster.- Figure 11 presents drag coefficients a t  zero 
l i f t  f o r  the complete f i r s t  stage and indicates the magnitudes of the contribu- 
t ions of the canard and the nacelles and f ins .  A l s o  shown i n  the figure i s  a 
curve of C D , ~  fo r  the complete f i r s t  stage uncorrected f o r  the fuselage base 
drag. Throughout the t e s t  Mach number range, t h i s  curve indicates values tha t  
were about 30 t o  50 percent higher than those for  the vehicle corrected f o r  the 
base drag. 

fuselage, corrected f o r  base drag, had a C D , ~  value of only 0.006. Thus, the 
base drag exceeded the en t i re  fuselage pressure and viscous drag. Not only was 
the  fuselage base drag large,  but pressures measured on the wing base and 
assumed t o  ac t  a l so  on the base of the nacelles and f i n s  indicate tha t  the  base 
drag of these components a t  
rected CD,o of the complete first stage. 

Figure 11 reveals that, a t  M = 0.6, the fuselage base drag produced 
I an increment i n  C D , ~  of 0.007 whereas figure 4 shows that the f i r s t - s tage  

M = 0.6 amounted t o  about 25 percent of the cor- 

~ 

Values of drag due t o  l i f t  fo r  the  f i r s t - s tage  configurations varied 
between about 0.42 and 0.46 over the  t e s t  Mach number range ( f ig .  11). In  com- 

a, parison with another delta-wing configuration, - values (drag-due-to-lift 

fac tor )  for the present model were higher than those values fo r  the f i r s t - s tage  
e 

reusable booster i n  reference 2. Reference 7 shows t h a t  - acD values f o r  de l ta  
acL2 

I wings decrease with increases i n  Reynolds numbers based on the wing leading- 
edge radius. 
Reynolds number i s  high enough t o  achieve nearly f'ull leading-edge suction, 

This decrease i n  drag-due-to-lift factor  continues u n t i l  the 

10 
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a f t e r  which no further decrease occurs. Drag-due-to-lift factors  a re  shown i n  
the reference t o  be most sensit ive t o  leading-edge Reynolds number a t  subsonic 
speeds. 
radius, indicated less than f u l l  leading-edge suction for  the vehicle. There- 

fore,  improvements i n  - a t  full-scale Reynolds numbers could be expected. 

The t e s t  Reynolds number of the present vehicle, based on leading-edge 

&, 

&L2 

Figure I 2  shows that, a t  M = 0.6, the  f i rs t -s tage wing-body combination 
had a m a x i m  l i f t -drag  r a t i o  of 5.1, and the  addition of the several  components 
reduced (L/D)- t o  4.7. Further reductions i n  (L/D),, t o  about 4.0 
resulted from including base drag i n  the data. 
range, values f o r  a l l  the  f i rs t -s tage configurations, which were cor- 
rected fo r  base drag, occurred between l i f t  coefficients of about 0.20 and 0.32. 
The values presented fo r  the complete first stage a re  re la t ive ly  low 
f o r  a vehicle which must function as an airplane with turbojet  engines f o r  i t s  
return flight. The ac tua l  return f l i g h t  vehicle will have the detrimental base 
drag included, which i s  shown i n  figure 12 t o  yield values of 
about 3.2 and 4.0 over the t e s t  Mach number range. 

Throughout the t e s t  Mach number 
(L/D)- 

(L/D)- 

(L/D)- between 

Launch vehicle.- The addition of the complete upper stages t o  the complete 
f i r s t  stage caused increases i n  
bers ( f ig .  11). If th i s  i s  important f o r  a rocket-launch vehicle, ways of 
be t t e r  integrat ing the upper stages with the first stage should be sought. 
of the changes made i n  the basic launch configurations a l te red  C D , ~  
signif icant ly .  It was surprising tha t  the increment i n  drag caused by the 
second-stage f ins  was so small since it would appear that t h e i r  positioning on 
the  vehicle would cause considerable interference on the  other vehicle 
components. 

C D , ~  of about 50 percent a t  a l l  t e s t  Mach num- 

None 
values 

An afterbody f a i r ing  placed a t  the rear of the main section of the second- 
stage fuselage had a negligible effect  on C D , ~  which resulted primarily from 
the negative loca l  s t a t i c  pressures near the shoulder of the f a i r ing  caused by 
the acceleration of the flow around i ts  curved surface. 
the variations i n  C D , ~  with Mach number were similar f o r  a l l  configurations. 
Drag-due-to-lift values fo r  the launch configurations can be seen i n  figure 11 
t o  be roughly the same as  f o r  the f i rs t -s tage configurations. 

Figure 11 shows t h a t  

The complete launch vehicle i s  shown i n  figure I2 t o  have maximum l i f t -drag  
r a t i o s  between about 2.9 and 4.0 which occurred a t  l i f t  coefficients between 
approximately 0.28 and 0.40. These (L/D)- values a re  low, but since the 

launch vehicle w i l l  be rocket powered, high L/D values are  not as important 
f o r  the  launch vehicle as  f o r  the f i r s t - s tage  reusable booster. The changes i n  
(L/D)- caused by changes i n  the launch vehicle were small. 

11 
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Lateral-Directional Characterist ics 

First-stage reusable booster. - Figure 16( a )  shows tha t  the omplete f i rs t  
stage had posit ive effective dihedral throughout the posit ive 

angle-of-attack range and Mach number range of these t e s t s .  
t i v e  dihedral increased with angle of attack, but 

increases i n  Mach number. 
of the first stage a t  a = Oo, 6 O ,  and 12O, which were considered a representa- 
t i v e  cross section of the data, and indicates tha t  both the canard and the first- 
stage ver t ica l  f i n s  had a s ignif icant  favorable influence on effective dihedral 
at  high angles of attack. Figure 14(a) shows rolling-moment coefficient plot ted 
against s idesl ip  angle a t  a = loo 
curves t o  be essent ia l ly  l inear  between 

I n  general, effec- 
C 2  changed very l i t t l e  with 

Figure 17 shows data for  several of the modifications 
B 

fo r  the complete first stage and shows the 
and t o  have only small f3 = Oo and 5 O  

C!P+-E+_~CXX f r ~ m  licesri+,; f~;- the  e ; i t r ~ ~  sidesiip-tulpgie range. 

The complete first stage was direct ional ly  s table  a t  a l l  t e s t  angles of 
a t tack and Mach numbers ( f i g .  16(b) ) .  Figure 18 shows the effectiveness of the 
f i rs t -s tage f i n s  and the favorable influence of the canard on CnP a t  a = oO, 

6 O ,  and 12' 
s t a b i l i t y  varied very l i t t l e  with Mach number. 
moment coefficients plotted against s i d e s u p  angle a t  
stage. The curves a re  nonlinear between 
could be reasonably approximated up t o  about 6'. 

throughout the test Mach number range. I n  general, d i rect ional  
Figure 14(b) presents yawing- 

fo r  the f i rs t  a = loo 
p = 00 and 5 O ,  but a l inear  curve 

Launch vehicle.- The addition of t h e  complete upper stages t o  the  complete 
f irst  stage caused sizable reductions i n  posit ive effect ive dihedral a t  a l l  
angles of a t tack  throughout the  t e s t  Mach number range ( f ig .  16(a) ) .  
maneuver propulsion package and the second-stage f in s  resulted i n  some losses i n  
effective dihedral indicating some interference on the load dis t r ibut ion of the 
wing ( f ig .  17). I n  general, effect ive dihedral increased with angle of attack, 
but changes i n  Mach number had l i t t l e  e f fec t .  

Both the 

The addition of the complete upper stages t o  the complete f irst  stage 
resulted i n  the launch vehicle which was direct ional ly  unstable ( f i g .  16(b)) .  
The effectiveness of the f i r s t - s tage  f i n s  was reduced by the blanketing e f fec t  
of the  upper stages, and probably some unfavorable side force ahead of the 
moment reference center contributed t o  the  decrease i n  s t a b i l i t y .  
the f i rs t -s tage f i n s  and nacelles decreased direct ional  s t a b i l i t y  considerably, 
but the  effect  of the second-stage v e r t i c a l  f i n s  w a s  almost negligible ( f ig .  18). 
The removal of the maneuver propulsion package, accompanied by moving the space- 
C r a f t  rearward, had a large favorable influence on s t a b i l i t y  resul t ing from the  
reduction of a sizable amount of side force on t h i s  component ahead of the 
moment reference center. 

Removal of 

SUMMAFX OF RESULTS 

A n  investigation has been made i n  the  Langley 8-foot transonic pressure 
tunnel of a multistage horizontal-take-off reusable launch vehicle. The 

12 

UNCLASSIFIED 



UNCLASSIFIED 
aerodynamic character is t ics  of the launch vehicle and the f i r s t - s tage  reusable 
booster with stage and component effects  were determined a t  Mach numbers from 
0.6 t o  1.2, angles of a t tack up t o  about 3Z0, and generally a t  s ides l ip  angles 
of Oo and 5 O .  The principal results may be summarized as follows: 

1. The complete f i r s t - s tage  reusable booster was longitudinally s table  a t  
zero l i f t ,  direct ional ly  s table ,  and had positive effect ive dihedral over the 
en t i re  Mach number and the posit ive angle-of-attack range of these t e s t s  f o r  
the selected moment reference center. 

2. The canard produced large destabilizing increments longitudinally on 
the f i r s t - s tage  reusable booster, but increased effect ive dihedral and direc- 
t i ona l  s t a b i l i t y  s ignif icant ly  a t  high angles of attack. 

3. Maximum l i f t -drag  ra t ios  f o r  the f i r s t - s tage  reusable booster varied 
between approximately 3.8 and 4.7 over the t e s t  Mach number range. 

4. The addition of the  complete upper stages t o  the complete first stage 
caused destabil izing increments both longitudinally and directionally,  and 
caused some reductions i n  posit ive effect ive dihedral. 

5.  I n  general, the  complete launch vehicle and i t s  several variations were 
longitudinally stable and had posit ive effective dihedral, but were generally 
direct ional ly  unstable a t  a l l  t e s t  Mach numbers. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, V a . ,  April 4, 1964. 
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TABLE I.- GEDMEI'RIC DESIGN CHARACTERISTICS OF TKE MODEL 

F i r s t  stage: 
Fuselage : 

Length. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Maximum diameter. i n  . . . . . . . . . . . . . . . . . . . . . . . .  
Maximmiheight. i n  . . . . . . . . . . . . . . . . . . . . . . . . .  
Nose radius. i n  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ehse area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . . .  
Total area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . . .  
Exposed area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . .  
Span. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root chord. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
M a x i m  thickness. percent chord . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . . . . . . .  
Mean aeroaynamic chord. i n  . . . . . . . . . . . . . . . . . . . . .  

Wing : 

Tip chord. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Leading-edge radius. i n  . . . . . . . . . . . . . . . . . . . . . .  
Moment reference center. percent c' . . . . . . . . . . . . . . . .  
Moment reference center. i n  . frombase . . . . . . . . . . . . . .  
Area of each f i n  (exposed). s q i n  . . . . . . . . . . . . . . . . .  
Root chord. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip chord. i n  
Leading-edge sweep angle. deg . . . . . . . . . . . . . . . . . . .  
Trailing-edge sweep angle. deg . . . . . . . . . . . . . . . . . . .  
Leading-edge radius. i n  . . . . . . . . . . . . . . . . . . . . . .  
Length. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Maximum diameter. i n  . . . . . . . . . . . . . . . . . . . . . . . .  
Fineness r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nose radius. i n  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Total area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . . .  
Exposed area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . .  
Span.in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root chord. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip chord. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Maximum thickness. percent chord . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . . . . . . .  
Leading-edge radius. i n  . . . . . . . . . . . . . . . . . . . . . .  

Vert ica l  f i n s  : 

Height (exposed). i n  . . . . . . . . . . . . . . . . . . . . . . . .  
i . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Wing nacelles : 

I Canard: 

39.600 
4.206 
3 203 
0.160 

11.567 

176 
95.700 

16 
22 
0 

5.000 
70.00 
0.040 

14.667 
15 

12.467 

12.800 
1.920 
4.440 

60.00 
29.921 
0.040 

2.220 

6 637 
0.960 
6.910 
0.160 

35 568 
12.440 
7.200 
9.880 

0 
5 

70.00 
0.040 

. 2- 15 
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TABLE I.- GEOMETRIC DESIGN CHARACTERISTICS OF THE MODEL . Concluded 

Second stage: 
Fuselage : 

Len.h. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diameter, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Base area, sq i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Total area,  sq i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Exposed area,  sq i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root chord, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip chord, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Maximum thickness, percent chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge radius, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Area of  each f i n  (exposed), sq i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Hei.t, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root chord, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip chord, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Trailing-edge sweep angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge radius, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Len.h, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Maxim diameter. i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Wing: 

Span, i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

? e r t i 2 z l  f ix:  

Afterbody fa i r ing :  

Spacecraft: 
Fuselage: 

Length. including interstage.  i n  . . .  
Diameter. i n  . . . . . . . . . . . . .  

Length of nose cone. i n  . . . . . . .  
Interstage base diameter. i n  . . . . .  
Interstage taper included angle. deg 

Nose cone included angle. deg . . . .  
Nose radius. i n  . . . . . . . . . . .  
Total area. sq i n  . . . . . . . . . .  
Exposed area. sq i n  . (top surface) . 
Exposed area. sq i n  . (bottom surface) 
Span. i n  . . . . . . . . . . . . . . . .  
Root chord. i n  . . . . . . . . . . . .  
Tip chord. i n  . . . . . . . . . . . .  
Maximum thickness. percent chord . . 
Leading-edge sweep angle. deg . . . .  
Leading-edge radius. i n  . . . . . . .  
Wing nose radius. i n  . . . . . . . . .  
Area. sq i n  . . . . . . . . . . . . .  
Height . i n  . . . . . . . . . . . . . .  
Root chord. i n  . . . . . . . . . . . .  
Tip chord. i n  . . . . . . . . . . . .  
M a x i m u m  thickness. percent chord . . 
Leading-edge sweep angle. deg . . . .  
Leading-edge rad ius .  i n  . . . . . . .  
Toe-in angle. deg . . . . . . . . . .  

Wing: 

Vertical  f i n s :  

Pad: 
Length. i n  . . . . . . . . . . . . . .  

Wedge included angle. deg . . . . . .  
Length. i n  . . . . . . . . . . . . . .  
Diameter. i n  . . . . . . . . . . . . .  

Maximum width. i n  . . . . . . . . . .  
Nose radius. i n  . . . . . . . . . . .  

Maneuver propulsion package: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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( a )  First-stage reusable booster. L-63-6483 

(b)  Complete launch vehicle. 

Figure 2.-  Photographs bf model configurations. 

L-63-649 
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( c )  Launch vehicle without the second-stage f i n s  and maneuver stage.  L-63-6481 

22 

L-63-6484 
(d)  Launch vehicle (without the second-stage f i n s )  with a second-stage afterbody fa i r ing .  

Figure 2.- Concluded. 
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First-stage vehicle 
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z .- 
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'c 
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Angle of attack, a, deg 

Figure 4.- Longitudinal aerodynamic characteristics for the first-stage fuselage. p = 0'. 
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U N CLASS I F I ED ”- 

Lift coefficient, CL 

(a) Variation of angle of attack with lift coefficient. 

Figure 5.- Longitudinal aerodynamic characteristics for several first-stage configurations. p = Oo. 
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- First-stage vehicle 

Lift coefficient. C, 

(b) Variation of pitching-moment coefficient with lift coefficient. 

Figure 5.- Continued. 
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I Lift coefficient, CL 

( c )  Variation of drag coef f ic ien t  with l i f t  coef f ic ien t .  

Figure 5.- Continued. 
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First-stage vehicle 

0 B W  
0 BWC 
0 B W C N  
A B W C N F  

(d)  Variation of l i f t - d r a g  r a t i o  with lift coe f f i c i en t .  

Figure 5.- Concluded. 
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Lift coefficient, CL 

( a )  Variation of angle of a t tack with l i f t  coe f f i c i en t .  

Figure 6. - Longitudinal aerodynamic cha rac t e r i s t i c s  fo r  t h e  f i r s t - s t a g e  reusable booster with t h e  
canard at  00 and -5' deflection. p = 00. 
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Lift coefficient, CL 

(b) Variation of pitching-moment coefficient with lift coefficient. 

Figure 6.- Continued. 
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( c )  Variation of drag coef f ic ien t  with lift coef f ic ien t .  

Figure 6.- Continued. 
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First-stage vehicle 

0 BWCNF 
d BWC F (base drag included) 
O B W  c? NF 

Lift coefficient, CL 

(d)  Variat ion of l i f t - d r a g  r a t i o  with l i f t  c o e f f i c i e n t .  

Figure 6.- Concluded. 
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Launch vehicle 
(First stage) (Upper stages) 

Lift coefficient, C, 

(a) Variation of angle of attack with lift coefficient. 

Figure 7.- Longitudinal aerodynamic characteristics f o r  several launch configurations with the 
effects of the second-stage wing and the first- and second-stage vertical fins. p = 0'. 
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Launch vehicle 
(First stage) (Upper stages) 

o BWC BW MS 
BWCNF BW MS 

0 BWCNF BWFMS M 

Lift coefficient, CL 

(b) Variation of pitching-moment coefficient with lift coefficient. 

Figure 7.- Continued. 
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Lift coefficient, CL 

( c )  Variation of drag coefficient with l i f t  coefficient.  

r’igure 7. - Continued. 
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Launch vehicle 

(First stage) (Upper stages) 
0 BWC BW MS 
0 BWCNF BW MS 

(d )  Variation of l i f t -d rag  r a t i o  with l i f t  coefficient.  

Figure 7.- Concluded. 
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Launch vehicle 

( a )  Var ia t ion  of angle of a t t a c k  with l i f t  c o e f f i c i e n t .  

Figure 8. - Longitudinal aerodynamic c h a r a c t e r i s t i c s  f o r  severa l  launch configurat ions with t h e  
e f f e c t s  of  a second-stage afterbody f a i r i n g ,  t h e  maneuver s tage ,  and a canard def lec t ion  of 
-50. p = 00. 
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Launch vehicle 

(First stage) (Upper stages) 

(b) Variation of pitching-moment coefficient with lift coefficient. 

Figure 8.- Continued. - 
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Launch vehicle 

(First stage) (Upper stages) 

(c )  Variation of drag coefficient with l i f t  coefficient.  

Figure 8.- Continued. 
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Launch vehicle 
(First stage) (Upper stages) 

0 BWCNF BW MS 
0 BWCNF dW MS 
0 BWCNF BW S 
A B W ~ N F  RE 

-.3 -.2 -.I 
Lift coefficient, CL 

(d)  Variation of l i f t -d rag  r a t i o  with l i f t  coefficient.  

Figure 8. - Concluded. 
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First-stage vehicle 

O B  
0 BW 
0 BWC 

Angle of attack, a, deg 

( a )  Variation of rolling-mcanent coefficient with angle of attack. 

Figure 13.  - Lateral  aerodynamic charac te r i s t ics  fo r  several f i r s t - s t age  configurations. p = 0' 
and 5'. (Flagged symbols refer t o  p = So. )  
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First-stOge vehicle 

0 BW 
0 BWC 
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-.uz 
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2 14 16 18 
Angle of attack, a, deg 

(b) Varia t ion  of yawing-moment c o e f f i c i e n t  with angle  of a t t a c k .  

Figure 13. - Continued. 
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Angle of attack, a, deg 

( c )  Variation of side-force coefficient with angle of attack. 

Figure 13. - Concluded. 
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First-stage vehicle 

Angle of sideslip, p, deg 
(a) Variation of rolling-moment coefficient with angle of sideslip. 

Figure 14.- Lateral aerodynamic characteristics for the first-stage reusable booster. a = 10'. 
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First-stage vehicle 

.02 

.o I 

0 

-.o I 

Angle of sideslip, 8, deg 

(b) Variation of yawing-moment coefficient with angle of sideslip. 

Figure 14. - Continued. 
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( c )  Variat ion of s ide-force coef f ic ien t  with angle  of s i d e s l i p .  

Figure 14.  - Concluded. 
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Launch vehicle 
(First stage) (Upper stages) 
0 BWC BW MS 

.o I 

0 

-.01 

Angle of attack, a ,  deg 

( a )  Variation of rolling-moment coefficient with angle of attack. 

Figure 15.- Lateral  aerodynamic charac te r i s t ics  for several launch configurations. p = Oo and 5 O .  

(Flagged symbols refer t o  p = 50.) 
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(b) Variat ion of yawing-moment c o e f f i c i e n t  with angle of a t t a c k .  

Figure 15.- Continued. 
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( C )  Variat ion of s ide-force coef f ic ien t  with angle  of a t t a c k .  

Figure 15. - Concluded. 
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(a) Variation of lateral-stability parameter with angle of attack. 

dre 16.- Variation with angle of attack of the lateral- and directional-stability pa 
the complete first stage and the complete launch vehicle. 
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(b) Variation of directional-stability parameter with angle of attack. 

Figure 16.- Concluded. 
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Figure 18.- Variation with Mach number of the d i rec t iona l -s tab i l i ty  parameters fo r  several  f i r s t -  
stage and launch configurations. a = Oo, 6 O ,  and 12O. 
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